2 and 8 wk old, were provided with standard rat food containing 0.33% NaCl and 0.80% K (NIH 07 rat and mouse ration, Zeigler Bros., Gardners, PA) and water ad libitum, with a 12:12 h light-dark cycle with lights on at 0530 h. Body weights were 43-50 g for 2wk-old rats and 190-220 g for 8-wk-old animals. Rats were killed by decapitation between 0900 and 1000 h, and the brains were removed immediately and frozen in isopentane at -30°C.
ization and development of angiotensin II receptor subtypes (AT1 and AT,) in rat brain. Am. J. Physiol. 261 (Regulatory Integrative Comp. Physiol. 30): R209-R216, 1991 .-Angiotensin II receptor subtypes (AT1 and AT,) were characterized in rat brain by displacement with the specific angiotensin antagonists Du Pont 753 and CGP 42112A, respectively, and quantitative autoradiography.
Young (2-wk-old) rats expressed AT1 receptors in selected limbic system areas, structures involved in cardiovascular and fluid regulation, parts of the hippocampal formation, and the choroid plexus. In young rats, AT, receptors were concentrated in areas involved in control and learning of motor activity, sensory areas, and selected limbic system structures. The cingulate cortex, the molecular layer of the cerebellar cortex, and the superior colliculus contained both ATI and AT, receptors. The number of ATI receptors in most areas of adult (&wk-old) rats was similar to or even higher than that present in young rats. Conversely, AT, receptors were always much lower in number in adult animals, and in some areas they were undetectable in adults. Their differential localization and development suggest different functions for the specific angiotensin II receptor subtypes. angiotensin receptor subtypes; Du Pont 753; CGP 42112A; renin-angiotensin system; receptor development IN ADULT RATS, the brain angiotensin II (ANG II) system, including specific ANG II receptors located in very select areas, is involved in the central regulation of cardiovascular function, drinking and fluid metabolism, salt appetite, vasopressin release, and stress (4, 5, 13, 14, 21, 23, 24) . Peripherally formed ANG II, present in the has been proposed on the basis of the response of smooth muscle to ANG II synthetic analogues (19) . More recently, terized two subtypes in peripheral of ANG II receptors were charactissues on the basis of their sensitivity to reducing agents (7, (10) (11) (12) and their displacement with newly developed specific ANG II antagonists (6, 8, 9, 30) . AT, receptors are sensitive to the reducing agent dithiothreitol (DTT) (7, (9) (10) (11) (12) and to displacement by the selective ANG II antagonist Du Pont 753 (8, 9) . ANG II binding to the AT, receptors is resistant to DTT and selectively displaced by the ANG II-receptor antagonist CGP 42112A (30). Q uantitative autoradiography and displacement with the selective ANG II-receptor antagonists revealed that the rat brain contains AT1 receptors lot ular nucleus ated in the s , nucleus of ubfornical organ, pa the solitary tract, raven and tricarea postrema and AT, receptors localized in the inferior olive (27) . The characteristics of the brain AT1 and AT2 receptors was similar to those described in peripheral organs (27) . We have in the inferior recently shown by autoradiography that, olive, parasolitary and hypoglossal nuclei, and cerebellar cortex, the brain of young rats expresses more ANG II receptors than that of adult animals (28) and that, in the inferior olive of young and adult rats, the binding is insensitive to DTT (29). These observations suggested that young rats may express more AT, receptors than their adult controls. To determine the detailed developmental pattern of the receptor subtypes throughout the brain, we studied all areas containing significant numbers of ANG II receptors and compared their distribution and sensitivity to selected ANG II general circulation, binds to brain ANG II receptors antagonists in young (2-wk-o located in circumventricular organs outside the blood-rats. brain barrier (16, 21, 22) and contributes to the central regulation of cardiovascular function and fluid homeo-MATERIALS AND METHODS stasis (21). ANG II receptors located outside and inside the blood-brain barrier are anatomically and probably Groups of six male Sprague-d) and adult (&-wk-old)
Hawley rats (Zivic Miller, physiologically related through an ANG II receptor-rich band alongside the anterolateral third ventricle area (25).
The peripheral renin-ANG II system is active in several mammalian species early in development (3, 26) . In the rat, ANG II plays a role in the central control of salt intake as early as during the 1st and 2nd wk after birth (15). The number of brain ANG II receptors is highest during 1 and 2 wk after birth (2). These observations indicate that ANG II may play a physiologically important role early in development. and dried overnight in a desiccator at 4°C. Brain sections were labeled in vitro with [ 12'1] Sections were preincubated for 15 min at 22°C in 10 mM Na phosphate buffer, pH 7.4, containing 120 mM NaCl, 5 mM Na2EDTA, 0.005% bacitracin (Sigma Chemical, St. Louis, MO), and 0.2% bovine serum albumin (Sigma Chemical), followed by incubation for 120 min in fresh buffer containing the appropriate ligand. After incubation, slides were rinsed four consecutive times of 1 min each in fresh ice-cold 50 mM tris-(hydro xymethyl)aminomethane l HCl buffer, pH 7.6, followed by a dip in ice-cold distilled water, and the sections were dried under air. To determine total number of binding sites, sections were incubated with 3 x lo-' M [1251]Sar1-ANG II, a concentration that saturates brain ANG II receptors (23, 24) . Nonspecific binding, determined in consecutive sections incubated as above in the presence of 5 x low6 M unlabeled ANG II (Peninsula Laboratories) (24), was <lo% of the total binding.
To characterize ANG II receptor subtypes, consecutive sections were incubated with 0.5 The dry, labeled sections, together with a set of lz51 standards (Amersham, Arlington Heights, IL) were apposed against "H-Hyperfilm (Amersham) in X-ray cassettes (CGR Medical, Baltimore, MD). Films were developed with Dl9 Kodak developer for 4 min at 4°C. Optical densities of the autoradiograms were determined by computerized microdensitometry and the results expressed in femtomoles per milligram protein after comparison with the 1251 standard curve (18). Half-maximal displacement (IC50) values were calculated with the GraphPad Inplot program (GraphPad, San Diego, CA). Results were expressed as means t SE and were analyzed by unpaired t test (Table 1) or by one-way analysis of variance followed by post hoc analysis with the Newman-Keuls test ( Table 2) . P < 0.05 was considered statistically significant.
RESULTS
ANG II receptors were very discreetly distributed in the rat brain, and they were markedly expressed in young 2wk-old rats. When analyzed after incubation of brain sections with a single saturating concentration (3 X lo-' M) of [1251]Sar1-ANG II, the concentrations of ANG II receptors varied -lOO-fold, with highest numbers present in the inferior olive (>l,OOO fmol/mg protein) and lowest RECEPTOR SUBTYPES concentrations in the choroid plexus (Cl0 fmol/mg protein) ( Fig. 1 and Table 1) .
To attempt a classification of ANG II receptors into subtypes (AT, and AT:!), we incubated consecutive brain sections from 2-and 8-wk-old rats with a [1251]Sar1-ANG II concentration close to & (0.5 x 10-'M) in the presence or absence of single concentrations of the selective AT, antagonist Du Pont 753 (lo-" M) or the AT2 antagonist CGP 42112A ( 10M7M). Earlier experiments indicated that such concentrations of antagonists will totally displace ANG II binding to AT, and AT2 receptors, respectively (27). Thus areas where ANG II binding was totally cant part of ANG II binding contained both AT, and displaced by Du Pont 753 but not by CGP 42112A were AT2 receptors ( Fig. 2 and Table 2 ). In all areas studied, considered to contain only AT, receptors; areas where the selectivity of ATI and AT2 antagonists was similar ANG II binding was totally displaced by CGP 42112A in young and adult rats ( Table 2) . but not by Du Pont 753 contained AT2 receptors; and
The pattern of AT1 and AT2 receptor expression was areas where each of the antagonists displaced a signifi-changed in adult 8-wk-old rats. In adult animals, ANG II receptors were present only in areas that expressed binding in young animals. Brain areas with a higher AT1 receptor concentration in adult rats than in young animals were the suprachiasmatic nucleus, choroid plexus, nucleus of the solitary tract, and dentate gyrus (Figs. 1 and 2 and Tables 1 and 2, group A). The brain areas with AT1 receptors that showed no differences in concentration between 2-and 8-wk-old rats include the nucleus of the lateral olfactory tract, piriform cortex, median preoptic, supraoptic and paraventricular nuclei, subiculum, area postrema, parasubiculum, and entorhinal cortex (Figs. 1 and 2 and Tables 1 and 2, group B).
In the rest of the brain areas, however, the expression of ANG II receptors was significantly reduced in 8-wk-old rats. AT1 receptors were lower in adult animals in the subfornical organ, basolateral amygdaloid nucleus, and retrosplenial granular cortex (Figs. 1 and 2 and Tables 1 and 2, group C). ANG II binding was also lower in some other areas of adult rats, such as the superior colliculus and the cingulate cortex, that contained both AT1 and AT2 receptors (Figs. 1 and 2 and Tables 1 and 2, group D).
Brain areas containing only AT2 receptors, in which the binding was markedly decreased in adult rats, included the lateral septal nucleus, ventral and mediodorsal thalamic nuclei, locus coeruleus, principal sensory trigeminal nucleus, parasolitary nucleus, inferior olive, medial amygdaloid nucleus, and medial geniculate nucleus (Figs. 1 and 2 and Tables 1 and 2, group F). ANG II receptors were not detectable in adult rats in the cerebellar cortex, which in the young rats contained both AT1 and AT2 receptors located in the superficial and deep layers of the molecular layer (Figs. 1 and 2 and Tables 1 and 2, group E).
ANG II binding was also not detectable in adult rats in several brain areas where only AT2 receptors were present in young rats, the anterior pretectal nucleus, nucleus of the optic tract, ventral tegmental area, posterodorsal tegmental nucleus, hypoglossal nucleus, central medial and paracentral thalamic nuclei, laterodorsal thalamic nucleus, and oculomotor nucleus (Figs. 1 and 2 and Tables 1 and 2, group G).
A further effort at a classification of ANG II receptors involved the determination of complete displacement curves with increasing concentrations of either Du Pont 753 or CGP 42112A in consecutive sections from selected brain areas of young and adult rats. Two patterns of displacement by selective antagonists were found. In some areas (Table 3 , groups A-C), Du Pont 753 displaced ANG II binding with an ICsO of -low7 M (Fig. 3 and Table 3 ). In these areas, CGP 42112A displaced ANG II binding with an -5O-to loo-fold lower affinity (IC& 10-5-10-6 M). C onversely, in areas where binding could not be displaced by a Du Pont 753 concentration as high as 10F5 M (Table 3 , groups F and G), CGP 42112A was very effective in displacing ANG II binding (I&o lo-'-10-l' M; Fig. 3 and Table 3 ). In all areas studied, the relative affinities of Du Pont 753 and CGP 421121-3 for [1251]Sar'-ANG II binding were similar in young and adult rats (Table 3 ). The differences in binding affinity between Du Pont 753 and CGP 42112A paralleled those differences in binding found when only single concentrations of the antagonists were used (Figs. 2 and 3 and Table 2 ).
DISCUSSION
The present results show a very selective localization of ANG II receptors in the rat brain, as previously reported (16, 24) . Recent studies of displacement of ANG II binding with selective antagonists demonstrated that the brains of young and adult rats contain two types of ANG II receptors (27, 28), similar to those described in peripheral tissues (6, 8, 9, 30) . Our data confirm and extend these earlier observations (28, 29) . AT1 receptors are more sensitive to displacement by Du Pont 753 than by CGP 42112A, and AT2 receptors are sensitive to displacement by CGP 42112A and insensitive to displacement by Du Pont 753 (6, 8, 9, (28) (29) (30) .
Displacement with selective ANG II antagonists and quantitative autoradiography reveals that the use of a single concentration of antagonist is sufficient to determine the presence of one or another receptor type (27). Brain Du Pont 753-sensitive ANG II receptors (ATI) correspond to those receptors sensitive to the addition of reducing agents such as DTT (27, 29) . AT2 receptors correspond to those receptors insensitive to DTT (27, 29) .
The two ANG II receptor types are differentially expressed in selected brain areas during development, a finding that agrees with and expands our earlier observations in rat brain stem areas (28). With a few exceptions, AT1 receptors are equally or even more concentrated in the brains of adult animals. Conversely, the concentration of AT, receptors is much lower in adult compared with young animals. The increased expression of AT2 receptors in the brain of young animals, as determined here, correlates well with the increased concentration of DTT-insensitive ANG II receptors in 2-wk-old rats reported recently (29).
To simplify the discussion and only for descriptive purposes, we separated the ANG II receptors into several contained only AT2 receptors, and the binding was disgroups according to type and expression during devel-placed by CGP 42112A but not by Du Pont 753. Areas opment (Tables l-3) . Groups A-C correspond to areas in groups D and E (Fig. 2 and Tables 1 and 2) contained expressing only AT, receptors. Groups D and E indicate both receptor types, and the binding was partially disareas expressing both AT1 and AT2 receptors, although placed by Du Pont 753 and by CGP 42112A. However, the actual location of each area (see below). Groups F ing only AT2 receptors. type may be differen t in each and G compri .se areas express-both the cingulate cortex (group D) and the molecular layer of the cerebellum ( group F) seem to have AT, receptors more concentrated toward their superficial lay-AT, receptors located in brain areas corresponding to ers, whereas AT2 receptors seem to be prominent toward group A show more ANG II binding in adult than in their deep layers. The limitation of the power of discrimyoung rats. Areas in group B contain also exclusively ination of our technique, however, does not allow for a AT, receptors and have similar ANG II binding in young more precise quantification of binding within thin layers and adult animals. All other brain areas contain less of brain cortex and certainly not at the cellular level. In ANG II binding in adult rats than in young rats. This is the superior colliculus (group D), because of limitations the case for a few areas containing only AT, receptors in the resolution of our technique, we were not able to (group C) and for a few areas showing both AT, and AT2 identify a different location of AT, and AT2 receptors. binding, corresponding to group D. In two brain structures, the AT1 receptors are no longer expressed in adult The question remains whether the different types of ANG II receptors are associated with different functions animals (group C). AT, receptors are also no longer of brain ANG II. In the brain, target sites for regulation expressed in adult rats in the cerebellar cortex, belonging of blood pressure, drinking, salt appetite, and vasopressin to group F, and containing not only ATI but also AT2 formation and release by ANG II express only AT, receptors (see below).
receptors (present results and Ref. 27) . Du Pont 753, the In all areas expressing only AT2 receptors, the concen-selective AT1 antagonist, is an orally active antihypertration of binding is much lower in adult rats than in tensive agent (31). AT, receptors are expressed in young young animals. This is the case for structures in group and adult rats (28), and ANG II regulates salt appetite F . In areas belonging to group G, the AT2 receptors are no longer expressed in the adult rat brain.
As discussed above, most brain areas only show one or another type of ANG II receptor, not both. Areas included in groups A, B, and C (Tables l-3) contained AT1 early in development (15) . These data suggest that the central role of ANG II in the regulation of cardiovascular function and fluid metabolism could be mediated by stimulation of AT, receptors in adult animals and during development. receptors, and as such they were totally displaced by Du
In addition, Du Pont 753 has been recently reported Pont 753 with ICSO values one to two orders of magnitude to produce anxiolytic-like effects in mice (1). This obsersmaller than those obtained after CGP 42112A displace-vation and the localization of AT, receptors in some ment. Areas included in groups F and G (Tables l-3) cortical, limbic system, and associated areas raise the question of a behavioral role for brain ANG II. The present data suggest the possible existence of additional actions of ANG II through AT1 receptor stimulation, such as a functional role in the choroid plexus. In addition, some of the areas expressing AT, receptors are part of the forebrain ANG II-receptor band connecting those ANG II receptors outside the blood-brain barrier and exposed to circulating ANG II with those receptors inside the blood-brain barrier that are exposed to ANG II formed in the brain and that belong to the endogenous brain ANG II system (25) . These observations suggest a role for AT, receptors in the anatomic and physiological connection between the peripheral and central ANG II systems.
The functions of brain AT, receptors are not presently understood. The AT2 receptors are expressed in areas related to the control and learning of motor activity, in areas involved in the control of visual function, in sensory areas, and in two limbic system areas, the lateral septal nucleus and the medial amygdaloid nucleus. Thus AT2 receptors could play important roles in visual, motor, sensory, and limbic function and especially during development, because these receptors are much lower in number or absent in adult rats.
In addition, a role for both AT, and AT2 receptors, especially in young rats, may be postulated in the few areas where a coexistence of both types was noted: related to visual pathways, in motor activity, and in limbic The recent report 13. (17) of large numbers of ANG II receptors in peripheral tissues of the rat fetus also supports a role of ANG II in development.
In conclusion, the wide distribution of different sub-14' types of ANG II receptors in brain suggests that this peptide could manifest multiple and important roles in brain function and development.
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